Abstract Drought stress is generally considered as a negative factor in agriculture, being responsible for severe yield losses. However, medicinal plants grown under semi-arid conditions usually produce higher concentrations of active substances than same species grown under moderate climates. Currently, only limited information is available on the physiological background of this well-known phenomenon. To elucidate this issue, we review here the existing findings to unveil the underlying metabolic mechanisms. Indeed, we found that the drought stress-related metabolic changes are responsible for the accumulation of active substances in semi-arid regions. In particular, the biochemical coherences are as follows: due to limited water supply and much higher light intensities, the plants suffer from drought stress. Then, due to water shortage, stomata are closed and the uptake of CO 2 decreases markedly. As a result, CO 2 fixation via Calvin cycle decreases. This decline of CO 2 fixation leads to a massive decrease in the consumption of reduction equivalents (NADPH+H + ), generating in turn a massive oversupply of NADPH+H + . As a consequence, metabolic processes are pushed towards the synthesis of highly reduced compounds, such as isoprenoids, phenols, or alkaloids. Our findings open the path to design practical approaches for enhancing the product quality of spice and medicinal plants. Indeed, by deliberately applying moderate drought stress during their cultivation, the quality of spice and medicinal plants can be enhanced significantly.
Introduction
It is a matter of common knowledge that spice plants grown in semi-arid areas such as the Mediterranean regions, generally are much more aromatic than identical plants of the same species, which however have been cultivated in moderate climates. Apparently, the concentrations of aroma relevant natural products are enhanced when plants are grown in semi-arid regions, i.e. under drought conditions (Fig. 1) . Corresponding differences in quality are also observed with regard to medicinal plants: the content of the relevant natural products generally is less in plants cultivated in a moderate Atlantic climate than in those grown in semi-arid regions. Frequently, this phenomenon is explained by the trivial statement that plants grown in Southern Europe "are exposed to much more sunlight, resulting in enhanced rates of biosynthesis". Albeit-on the first sight-such assertion appears to be consistent, plant biology taught us that sunlight is not at all a limiting factor for plant growth. Even in Central Europe, plants grown in open areas without any shade absorb much more light energy in the leaves than the plants require and utilize for photosynthetic CO 2 fixation (Wilhelm and Selmar 2011 ). Yet, we have to consider that-at least in the subtropics-high irradiation often is co-occurring with water deficiencies. As consequence, under semi-arid conditions, plants frequently suffer drought stress. Since stress-related reactions extensively impact the entire metabolism, the synthesis and accumulation of secondary metabolites also should be affected. Unfortunately, in the past, these coherences have not been considered adequately (Selmar 2008) . Just recently, Kleinwächter and Selmar (2014) compiled the relevant literature in order to get a clearer picture of this issue. These authors, for the first time, outlined the metabolic background for the stress-related enhancement of natural product synthesis ( Fig. 2 ): Due to water shortage, in combination with high light intensities, stomata are closed. As a result, the uptake of CO 2 is markedly decreased. In consequence, the consumption of reduction equivalents (NADPH+H + ) for CO 2 fixation via Calvin cycle declines considerably, generating a massive oversupply of NADPH+H + . Accordingly, all metabolic processes are pushed towards the synthesis of highly reduced compounds, such as isoprenoids, phenols, or alkaloids (Selmar and Kleinwächter 2013a, b) .
Indeed, drought stress is generally considered as negative factor being responsible for severe yield losses in agriculture; however, with respect to spice and medicinal plants, the situation is different. Based on these novel insights, stimuli for practical approaches for enhancing the product quality of spice and medicinal plants are provided. By deliberately applying moderate drought stress during their cultivation, the quality of the related commodities can be enhanced significantly. Yet, as drought stress also reduces the biomass production of spice and medicinal plants, special emphasis is put on the interference of these two stress-related effects.
Synthesis and accumulation of natural products is enhanced in drought-stressed plants
The growing conditions, e.g. the temperature, the light regime, the nutrient supply, strongly influence synthesis and accumulation of secondary plant products (for review, see, e.g. Gershenzon 1984; Falk et al. 2007 ). Consequently, much more severe environmental influences, such as various stress situations, which strongly impact on general metabolism (Bohnert et al. 1995) , also will influence the metabolic pathways responsible for the accumulation of secondary plant products. Whereas a tremendous lot of information dealing with the impact of biological stress (e.g. pathogen or herbivore attack) on the synthesis of secondary plant products is available (for review, see, e.g. Harborne 1988; Hartmann 2007; Wink 2010 )-corresponding information, how secondary metabolism is changed in response to abiotic stress-is rare. Mainly, the knowledge on the related biological background is limited (for review, see, e.g. Ramakrishna and Ravishankar 2011; Selmar and Kleinwächter 2013a, b; Kleinwächter and Selmar 2014) . In contrast to biotic interactions, where generally only few factors, e.g. a certain pathogen or a certain herbivore is involved, the situation related to abiotic stress frequently seems to be more complex, since various interferences between numerous factors might co-occur: temperatures below freezing are accompanied with water shortage, the increase in light intensity mostly is associated with elevated temperatures, and lower water availability, inducing drought stress, often also entail higher salt concentrations in the soil. Accordingly, numerous studies which had been aimed to investigate the impact of one certain abiotic stress on secondary metabolism lack the distinction to other putative stress factors. Nevertheless, thorough reviewing and evaluating the literature adequately allows sound deductions on the impact of one single factor on the accumulation of natural products. This review focuses on drought stress.
A large numbers of studies manifested that plants exposed to drought stress accumulate higher concentrations of secondary metabolites than those cultivated under well-watered conditions (Table 1) . There is evidence to suggest that the drought stress-related concentration enhancement is a common feature of all different classes of natural products. Corresponding increases are reported for simple as well as for complex Nowak et al. (2010) phenols, and also for the various classes of terpenes (Table 1) . In equal measure, the concentrations of nitrogen-containing substances, such as alkaloids, cyanogenic glucosides, and glucosinolates, are positively impacted by drought stress, too (Table 1) . There is no doubt that drought stress consistently enhances the concentration of secondary plant products. In this context, however, we have to consider that the droughtstressed plants generally are reduced in their growth. Thus, due to the reduction in biomass-even without any enhancement of the overall amount of natural products-their Fig. 2 Model scheme for the drought stress-related increase of natural product biosynthesis according to Selmar and Kleinwächter (2013a) and Kleinwächter and Selmar (2014) . The light energy absorbed by the photosynthetic apparatus is much higher than the energy required for the CO 2 fixation. Consequently, large amounts of energy have to be dissipated via non-photochemical quenching and effective re-oxidation of NADPH+H + , e.g. via xanthophyll cycle and photorespiration. Under well-watered conditions, the surplus of reduction power does not result in significant amounts of radicals. In contrast, in drought-stressed plants, energy fluxes are markedly shifted. Due to the elevated diffusion resistance caused by stomata closure, the internal concentration of CO 2 is much lower. In consequence, much less NADPH+H + is consumed within the Calvin cycle for the fixation and reduction of CO 2 . Accordingly, a much higher share of energy has to be dissipated. Although the corresponding protective processes (non-photochemical quenching, photorespiration, xanthophyll cycle) are enhanced by feedback mechanisms, numerous electrons are transferred to molecular oxygen (Mehler reaction). The superoxide radicals generated subsequently produce a wide range of further reactive oxygen species (ROS). Due to the stress-related induction of superoxide dismutase (SOD) and ascorbate peroxidase (APX), the superoxide radicals are detoxified, and thus, the production of large amounts of ROS is prevented. According to the law of mass action, the strong increase in the reduction potential (ratio of NADPH+ H + to NADP + ) enhances the synthesis of highly reduced natural products, i.e. compounds revealing a higher degree of reduction than carbohydrates concentration on dry or fresh weight basis simply could be enhanced. Accordingly, corresponding explanations frequently are reported in the literature. Unfortunately, in most of the studies dealing with the impact of drought on natural product, biosynthesis data on the overall biomass per plant are lacking. One obvious reason for this deficit of information is due the fact that mostly only some certain plant parts or organs, i.e. roots, leaves, or seeds, had been in the centre of focus, whilst the overall content of the natural products on a whole plant basis was not of interest. However, in some papers, the total content of secondary plant products per entire plant is given or could be calculated from the data presented. In Hypericum brasiliense plants grown under drought stress both concentration and the total amount of the phenolic compounds is drastically enhanced in comparison to the control plants (de Abreu and Mazzafera 2005) . Despite the fact that the stressed H. brasiliense plants were quite smaller, the product of biomass and concentration of the related phenolics yield in 10 % increase of the total amount of these natural products. In the same manner, in stressed peas (Pisum sativum), the overall amount of anthocyanins (product of biomass and anthocyanin concentration) is about 25 % higher as in plants cultivated under standard conditions (Nogués et al. 1998) : although the biomass of the stressed pea plants is only about one third of the control plants, the massive increase in the concentration of phenolic compounds still resulted in a real increase of anthocyanins in the stressed plants. In the same manner, Jaafar et al. (2012) reported that not only the concentration but also the overall production of total phenolics and flavonoids per plant is enhanced in plants suffering drought stress, although the explicit data on biomass per plant are not displayed by the authors. In contrast, the overall yield of flavonoids was nearly the same, when the plants were either grown under drought stress or under well-watered, non-stress conditions. In stressed red sage plants (Salvia miltiorrhiza), the overall content of furoquinones is slightly lower in plants grown under water deficiency than that of the well-watered controls, although drought stress caused a significant increase of their concentration .
Focussing on terpenoids, there are only few reports available which soundly document a drought stress-related increase in the total amount of terpenoids per plant. In sage (Salvia officinalis), drought stress results in a massive increase in the concentration of monoterpenes, which easily overcompensate the reduction in biomass (Nowak et al. 2010) . As a result, the entire amount of monoterpenes synthesized in sage plants suffering moderate drought stress is significantly higher than that of the well-watered controls. Yet, in parsley (Petroselinum crispum), the drought stress-related concentration enhancement of essential oils in leaves is more or less completely counterweighed by the related loss in biomass, resulting in nearly the same overall contents of essential oils in drought-stressed and well-watered plants (Petropoulos et al. 2008) . In contrast, in drought-stressed catmint and lemon balm plants, the slight increase in the concentrations of monoterpenes could not compensate the stress-related detriment of growth and biomass. Accordingly, the overall content of terpenoids in the drought-stressed plants of Melissa officinalis and Nepeta cataria is lower than that in the corresponding well-watered controls (Manukyan 2011) .
Unfortunately, most of the reports dealing with the impact of drought stress on nitrogen-containing natural products focus on the concentrations of these compounds in certain organs and no data on the biomass of the entire plants are available. Accordingly, no deductions on the impact of drought on the overall content of natural products could be drawn. The only exception is the work of Xia et al. (2007) , who analyzed the stress-related influence on accumulation of benzylisoquinoline alkaloids in cork tree seedlings (Phellodendron amurense) on concentration as well as on total content basis, whereas the concentration of berberine, jatrorrhizine, and palmatine is strongly enhanced by drought stress. Due to the growth reduction of drought-stressed plants, the overall content of alkaloids is considerably reduced and accounted only for about one fourth of the control.
In conclusion, in nearly all plants analyzed, the concentrations of secondary plant products are significantly enhanced under drought stress conditions. However, only in few cases, also a corresponding increase of the total content of the natural compounds per plant is reported. This could be either due to the lack of data on the biomass of the corresponding plants, or to the fact that the stress-related decrease in biomass frequently overcompensates the increase in the concentration of relevant natural products. 3 Metabolic background: higher reduction capacity in drought-stressed plants Based on our recurring experience in daily life, we all have internalized that energy saving represents one of the most important issues in our subsistence, and, on the first sight, it seems reasonable to transfer such statements and considerations also into plant biology. In this manner, even in reputable textbooks and in scientific publications, corresponding claims and statements can frequently be found. Despite the fact that we all know that light energy in general is not the limiting factor of photosynthesis in plants (for review, see Wilhelm and Selmar 2011) , it is frequently stated: "In order to save energy, plants have evolved a certain mechanism…" or "Due to costbenefit equations, the energy costs for a certain metabolic process must be minimized". However, when looking at more closely, it becomes obvious that-in contrast to heterotrophic organisms-quite other cardinal coherences are crucial for the autotrophic plants. Usually, plants absorb much more energy than being required for photosynthetic CO 2 fixation. This basic statement easily can be deduced from evidence we all are aware of: elevation of ambient CO 2 concentration results in a massive enhancement of photosynthesis, quite often the rate is doubled or even tripled. In order to avoid massive damages, the tremendous surplus of the energy absorbed is dissipated by various mechanisms, i.e. non-photochemical quenching, photorespiration, or xanthophyll cycle (Fig. 2) . Whereas, this protecting machinery operates flawless under regular environmental conditions, any stress induces massive imbalances. This especially accounts for the drought stressinduced stomata closure, which massively diminishes the CO 2 influx into the leaves. In consequence, far less reduction equivalents (NADPH+H + ) are consumed and re-oxidized, respectively. Although the various energy dissipating mechanisms are raised, the chloroplastic reduction status increases. In consequence, electrons from the photosynthetic electron transport chain directly are conveyed to oxygen, generating superoxide radicals, which subsequently have to be detoxified by superoxide dismutase (SOD) and ascorbate peroxidase (APX). As result of this over-reduction, the ratio of NADPH+H + to NADP + is enhanced and according to the law of mass action, all processes consuming NADPH+H + , such as the biosyntheses of highly reduced secondary plant products, will be favoured even without changing any enzyme activity (Fig. 2) .
Apart from the various well-established ecological functions, the stress-related increase in the rate of biosynthesis of highly reduced natural products seems to have also relevance as additional mechanism for energy dissipation, since large amounts of NADPH+H + are consumed and the over-reduced state is lowered significantly. Such alternative significance of natural products could also be deduced from the strong isoprene emission of numerous plants (e.g. Fall 1999; Sharkey and Yeh 2001) . Whereas, under standard conditions, the energy consumption for this isoprene biosynthesis accounts for less than 1 %, it increases under stress conditions tremendously. Magel et al. (2006) calculated that at elevated temperatures, the amount of energy dissipated by the strongly enhanced isoprene emission might rise up to 25 % of the energy supply for net photosynthesis. Accordingly, it could be postulated that the energy and reduction equivalents required for the biosynthesis of the isoprene emitted by leaves indeed contribute significantly to the dissipation of the excess of photosynthetic energy.
These considerations expound that the biosynthesis of natural products indeed may represent a relevant system to dissipate the surplus of energy. Accordingly, secondary metabolites-apart from their ecological significance-also could be crucial as part of a supplemental energy dissipation machinery (Grace and Logan 2000; Wilhelm and Selmar 2011 ). Yet, these coherences suggest that the corresponding processes might not only be enhanced passively by shifts in the concentration of reduction equivalents, but might also be accelerated actively by increasing the corresponding catalytic abilities, i.e. the activities of the enzymes involved in the biosynthesis of the natural products. For further elucidation of this auspicious issue, much more research focussing on the impact of various abiotic stressors on the biosynthesis and accumulation of secondary metabolites is required.
Interaction with other factors
As outlined in detail, the concentrations of natural products are generally enhanced in plants suffering drought stress. There are two putative explanations for this phenomenon: either a real increase in biosynthesis or a stress-related change in the benchmark, i.e. alterations in the biomass used as reference value. In the latter case, the drought stress-related decrement in biomass production might be associated with a more or less unchanged rate of biosynthesis of natural products. Accordingly, this increase in the concentration-either on dry or on fresh weight base-just corresponds to purely arithmetic terms. In contrast, an authentic increase of the total content of secondary plant products due to an enhanced biosynthesis indeed is based on massive metabolic changes, putatively on the over-reduction in drought-stressed plants. However, when looking more closely, these simplified causal coherences are getting much more untransparent, since the both issues mentioned, frequently are overlaid and interfere with numerous further factors and side effects.
It is well established that secondary plant products reveal a high significance for the plants by accomplishing various ecological functions within the complex interactions of plants with their environment, e.g. to repel herbivores, to protect against pathogens, or to attract pollinators (e.g. Harborne 1988; Wink 2010; Hartmann 2007) . Moreover, also with respect to abiotic stress, various putative functions for secondary plant products are known, e.g. protection against UV light or too high light intensities, action as compatible solutes, radical scavenging, or reduction of the transpiration (e.g. Edreva et al. 2008; Wink 2010) . Initiated by the tremendous progress in molecular biology, we are aware that the synthesis of the relevant secondary metabolites frequently is induced, modulated, and regulated by numerous environmental impacts and abiotic factors, respectively. Yet, the situation becomes even more complex, if we consider that the biosynthesis of phytoalexins is elicited by pathogen attack (e.g. Hahlbrock et al. 2003; Saunders and O'Neill 2004) and various defence compounds effective against herbivores are synthesized as result of very complex induction mechanisms (e.g. Ferry et al. 2004) . In consequence, the actual synthesis and accumulation of a certain natural product frequently is influenced and determined by numerous factors. Moreover, we have to take into account that a particular stress situation in general influences several factors, e.g. a high irradiation is frequently accompanied with elevated temperatures, elevated temperatures co-occur with higher evaporation rates, or high irradiation often parallels with UV radiation. Yet, corresponding interferences between biotic and abiotic factors are not yet understood or even considered. In this manner, we do not know if drought may impact on the entire ecosystem in a manner that it might be associated with a higher herbivore pressure, or a lesser number of pathogens. Consequently, we have to be aware that in plants exposed to drought stress complex interferences of numerous factors occur, which in concert impact on the entire metabolism and thereby on the synthesis and accumulation of natural products. For further and sound elucidation of this complex metabolic syndrome, appropriate and reliable markers are required.
When scientifically dealing with the consequences of drought stress, we thoroughly have to differentiate between the related effect on the osmotic potential and the water availability within the cell on the one hand, and the increase in redox potential due to the decline of the CO 2 influx caused by stomata closure on the other hand. With respect to the decrease in water availability, on the first sight, water potential seems to be a reliable parameter. Yet, if we consider that in response to drought, many plants produce and accumulate osmotic active substances-denoted as compatible soluteswhich significantly reduce the water potential without changing the amount of water, the actual water content, seems to be a better option. In addition to the classical gravimetrical methods to determine the water content, a new alternative methodology based on terahertz technology was recently presented (Breitenstein et al. 2011 ). However, a sound and conclusive outline of the difficult and complex contraposition of water potential and water content has to be given in a separate treatise.
When focussing on the stress-induced enhancement of redox potential, the most appropriate and reliable markers should either be the increased ratio of NADPH+ H + to NADP + , or the amount of oxygen radicals generated. Unfortunately, the real in situ concentration of both components could not be quantified without inappropriate efforts and expenditures. As alternative, frequently, the enzymes responsible for the detoxification of the reactive oxygen species (ROS) generated are estimated, i.e. the superoxide dismutases (SOD) and the ascorbate peroxidases (APX). Sad to say, these enzymes occur in various isoforms and are also part of various signal transduction chains. Accordingly, they do not indicate reliably a specific stress situation and their significance as stress markers is limited. Another candidate as general stress marker is glutathione, which also is part of the antioxidative defence against ROS. Yet, the ratio of oxidized to reduced glutathione is not always reflecting the actual redox state (for review, see Tausz et al. 2004) . Moreover, the stress-induced responses of the glutathione system are multilayered and biphasic: an initial response phase is followed by an acclimation phase. Thus, the use of the glutathione system as general stress marker for routine analysis is limited (Tausz et al. 2004) . As alternative, the occurrence of characteristic stress metabolites, which are synthesized and accumulated pretty much specifically in response to a particular stress situation, could be estimated to determine and quantify its metabolic impact. In this context, proline is in the centre of focus, since this amino acid is accumulated as compatible solute in plants suffering drought stress (for review, see Rhodes et al. 1999 ). However, the drought stress-induced proline accumulation does not occur in all plant species. A further option might be the quantification of γ-amino butyric acid (GABA), a stress metabolite produced by decarboxylation of glutamic acid (for review, see Kinnersley and Turano 2000) . Indeed, GABA is produced to a high extent in response to drought stress, but it also is accumulated under various other stress conditions (Satya Narayan and Nair 1990; Bown and Shelp 1997) . Thus, alternative markers are required. One of the most promising options is the abundance of dehydrins. It is well established that dehydrins are frequently synthesized in plant cells suffering drought stress (for review, see Close 1997; Allagulova et al. 2003; Bouché and Fromm 2004) . It is assumed that these small hydrophilic proteins reveal various protective functions in desiccating cells (for review, see Hara 2010) . Indeed, these small protective proteins had been first discovered in maturing seeds in the course of late embryogenesis. Yet, meanwhile, we have realized that the occurrence of dehydrins during seed development is related to the appearance of maturation drying (Radwan et al. 2014) , and also in seed dehydrins are synthesized in response to water deficiency. Accordingly, the expression of dehydrins seems to be the best option to monitor the impact of drought stress. However, we have to consider that any stress situation is really complex and eclectic. This vividly was demonstrated by Kramer et al. (2010) , who found that in coffee seeds whilst drying the expression of dehydrins and the accumulation of the stress metabolite GABA follow different time patterns. Obviously, in the course of stress responses, several metabolic responses occur in parallel and/ or subsequently. As outlined above, we have to consider that in leaves exposed to drought stress, apart from the impact of the decrease in water availability, also the over-reduction due to stomata closure, entail numerous metabolic responses. Consequently, any comprehensive elucidation of the entire metabolic stress syndrome in medicinal plants requires a combination of several markers. In this context, apart from the accumulation of GABA and the expression of dehydrins, especially markers, which reflect the status of the various energy dissipation systems (e.g. the non-photochemical quenching, the xanthophyll cycle, or the photorespiration), have to be determined.
Feasible practical applications
As outlined in detail, the stress-related responses are complex and the impacts on secondary metabolism are multifarious: various elicitation and induction mechanisms are overlaid, and numerous reactions and processes are counteracting. Apart from the basic influence on secondary metabolism, above all, the consequences and aftereffects of drought stress on the general metabolism are most prominent and cause severe repercussions. In this context, losses in biomass, retards in development, or changes in growth behaviour are of special interest. Moreover, the general metabolic status is frequently altered and the ratio between generative and vegetative characteristics is shifted (e.g. Houter and Nederhoff 2007) . Furthermore, drought stress could change the source-sink properties of the entire plant. Thus, in addition to the inducing factors already mentioned, drought stress impacts on the overall performance of the biosynthesis and the allocation and accumulation of natural products by altering the overall physiological nature of a certain organ or tissue.
In conclusion, the effects of drought stress on secondary metabolism, and thus on the quality of medicinal plants are multilayered and very complex. Due to the coherences mentioned, a deliberate application of drought stress during the cultivation of medicinal plants should principally result in an increase of biosynthesis of secondary metabolites. But, due to the other, co-occurring impacts and effects, this enhancement frequently might be compensated or even overcompensated. Accordingly, a general recommendation for the deliberate application of drought stress to increase the quality of medicinal plants cannot be given. Nevertheless, in many cases, such approach undoubtedly will be successful. However, we always have to sound out the advantages and the drawbacks of corresponding approaches. To facilitate corresponding assessments, Selmar and Kleinwächter (2013a) cultivation or whilst a special developmental phase in order to obtain maximal quality? It is arguable whether these considerations could be transferred into appropriate agricultural applications. One of the simplest approaches is to alter the irrigation regime (e.g. Radovich et al. 2005 ). This, however, is restricted to semiarid regions, where supplemental watering is required, which could be reduced. In contrast, in moderate climates, the water supply by rainfall cannot be influenced directly. Nonetheless, also in these areas, the moisture content of the soil could be altered, e.g. by the choice of the cultivation area or by some simple measures. In this context, the design and shaping of the acreage directly impacts on the drainage properties, e.g. fields with slope will retain the water markedly less than flat plains consisting of soils with the same water holding capacity. In fact, even in plains, the drainage capability could be modulated artificially by certain cultivation measures. The establishment of a furrow and ridge system, which frequently is used for surface irrigation in arid regions, seems to be appropriate also for generating drought stress situations by increasing the gradients of soil moisture contents. When irrigation is omitted, the soil water content in the furrows will nearly be the same as in untreated fields, but the moisture content in the ridges strongly decreases due to an enhanced drainage effect. Indeed, drainage alternatively could be also achieved by increasing the proportion of sand in the soil. However, such measure would irreversibly change the character of the soil and should only be applied in exceptional cases.
An auxiliary strategy to influence the product quality via a stress-related enhancement of secondary metabolite synthesis is based on the application of phytohormones or growth regulators, being part of the signal transduction chain of stress responses. In this context, the application of methyl jasmonate is the most promising approach. Methyl jasmonate is a volatile ester of jasmonic acid, which first was successfully employed in numerous tissue and cell culture systems to enhance the concentration of secondary metabolites (for review, see Namdeo 2007) . After the uptake into the cells, the ester is hydrolysed to yield the active growth regulator. Meanwhile, methyl jasmonate was also employed for the effective elicitation of natural products in intact plants. In this manner, the synthesis of indole alkaloids was increased in seedlings of Catharanthus roseus and Cinchona ledgerina (Aerts et al. 1994) , the content of phenols and monoterpenes had been enhanced in Ocimum basilicum (Kim et al. 2006) , and the concentration of glucosinolates was increased in Brassica rapa (Loivamäki et al. 2004) . Based on such promising approaches, the usage of methyl jasmonate for quality improvement of medicinal and spice plants seems to be an encouraging alternative for a direct drought treatment. In the same manner, salicylic acid, an endogenous key signal substance, responsible for systemic resistance (for review, see Durrant and Dong 2004) , was also used for influencing the synthesis and accumulation of secondary metabolites: the content of phenolics could strongly be increased by the application of salicylic acid to Echinacea purpurea plants (Kuzel et al. 2009 ), as well as the accumulation of glucosinolates in oilseed rape (Kiddle et al. 1994) . Unfortunately, apart from their effects on secondary metabolism, salicylic acid and methyl jasmonate also impact on primary metabolism and developmental processes. In this context, the induction of senescence and retardation of growth are of special interest, when the application of growth regulators and phytohormones are considered to increase product quality. Thus, in the same manner, as in the case of deliberately applying drought stress directly, also in the case of utilizing salicylic acid and methyl jasmonate, a thorough balancing of pros and cons is required. This however necessitates a sound and comprehensive knowledge of the related scientific background.
When reflecting our experiences from daily life, we will be aware that-in addition to the well-known quality enhancement of medicinal plants grown under semi-arid conditionsthere are various further examples that illustrate the relevance of stress induction. Sometimes the opposite, i.e. the omission of stress, could also be used for an enhancement of the quality of plant derived commodities: To achieve the highest quality of Japanese green teas exhibiting lowest concentrations of undesired compounds, the Camellia sinensis plants frequently are grown under artificial shading. As result, these plants suffer less photo-oxidative stress in comparison to plants, which are exposed to full sunlight. As outlined above, in these tea plants-as result of a significantly decreased over-reduced status-the synthesis of secondary plant products should be declined-and, indeed, corresponding analysis revealed that the content of monoterpenes as well as that of coumarin is significantly lower in the shaded, non-stressed plants (Shimoda et al. 1995) . Another vivid example for stress reduction by shading which results in a corresponding decrease of secondary plant products is the production of certain cured tobacco leaves. When Nicotiana tabacum plants are generally grown in Southern and Middle-America in full sunlight, they reveal the typical dark colours of the so-called Brazilian quality. The shading of the tobacco plants, even when grown in Brazil, yields in much brighter hues, comparable to those of tobacco leaves grown in Sumatra, where the solar irradiance is much lower due to the foggy climate. Phytochemical analysis revealed that the concentrations of total phenols and alkaloids indeed are lower in tobacco leaves grown in shade (Andersen et al. 1985) , and thus, confirming once again, the interrelation between oxidative stress and synthesis of secondary plants products.
Conclusion and future prospectus
Indeed, drought stress is always considered as negative factor being responsible for severe yield losses in agriculture; however, with respect to spice and medicinal plants, the situation is different. From the novel insights and cognitions mentioned, it could be deduced that the generation of drought stress situations, either directly induced by water shortage, or indirectly elicited via the application of growth regulators, frequently leads to an enhancement of the contents of secondary plant products and thereby increasing the quality of plant-derived commodities. However, due to numerous interactions, the related increase could be compensated by other metabolic responses, especially by growth reduction, by a decrease in biomass production, or an onset of senescence. Thus, for each particular plant-derived commodity, a thorough balancing of pros and cons is necessary. This however, requires much more research on this complex issue.
